Abstract Purpose: DNA adduct levels may be influenced by metabolic activity, DNA repair capabilities, and genomic integrity, all of which play a role in cancer progression. Experimental Design: To determine if elevated DNA adducts are a marker for prostate cancer progression, we measured polycyclic aromatic hydrocarbon^DNA adducts by immunohistochemistry in prostate cells of 368 surgical prostate cancer patients treated at the Henry Ford Hospital in Detroit, Michigan, between September 1999 and July 2004. Patients were followed up to 5 years after surgery with relative risk for biochemical recurrence (BCR) estimated with a Cox proportional hazards model that adjusted for standard clinical risk factors. Results: At 1 year of follow-up, patients with adduct levels above the median in tumor cells [hazard ratio (HR), 2.40; 95% confidence interval (95% CI), 1.10-5.27] and nontumor cells (HR, 3.22; 95% CI, 1.40-7.39) had significant increased risk of BCR, but these HRs decreased to 1.12 (95% CI, 0.68-1.83) and 1.46 (95% CI, 0.89-2.41) in tumor and nontumor cells at 5 years postsurgery. When we restricted our analysis to patients with advanced-stage (III+) disease, those with high adduct levels in either tumor (53.5% versus 30.2%; P = 0.07) or nontumor (55.2% versus 28.6%; P = 0.02) cells had BCR rates almost 2-fold higher. In race-stratified analyses, the greatest risk of BCR associated with high adduct levels (in nontumor cells) was for African American patients younger than 60 years old (HR, 3.79; 95% CI, 1.01-14.30). Conclusions: High polycyclic aromatic hydrocarbon^DNA adduct levels in nontumor prostate cells are most strongly associated with BCR between 1 and 2 years after surgery and in patient subsets defined by younger age, advanced tumor stage, and African American race.
Polycyclic aromatic hydrocarbons (PAH) result from incomplete combustion processes, are ubiquitous environmental contaminants, and are known carcinogens (1) . PAH derive their carcinogenic properties through their ability to form PAH-DNA adducts (2, 3) . In vitro experiments have detected DNA adducts in human prostate after exposure to benzo(a)pyrene (4, 5) , a known carcinogenic PAH, and have shown that exposure levels of benzo(a)pyrene are positively correlated with DNA damage as measured by the comet assay (6) . In men diagnosed with prostate cancer who underwent radical prostatectomy, we found that levels of PAH-DNA adducts in prostate epithelial cells were inversely related to tumor grade (7) , and more recently have also shown that the effects of underlying genetic variation in PAH-metabolizing enzymes and cigarette smoke exposure leading to PAH-DNA adduct formation in the prostate may be different by race (8) .
Retrospective epidemiologic studies support a link between occupational PAH exposure and prostate cancer risk (9 -11) , but a recent prospective cohort study was unable to replicate this association (12) . Occupational PAH exposure may need to reach a threshold level before having an effect on cancer risk (13, 14) , and genetic susceptibility likely also plays a role (13, 15) . Other environmental sources of PAH include diet (16) and cigarette smoke (17) . Whether an increased prostate cancer risk is associated with cigarette smoke is unclear (18 -20) , although several recent studies suggest that cigarette smoke exposure in combination with genetic risk factors for bulky PAH-DNA adduct formation may increase prostate cancer risk (13, 15, 21) . Dietary intake of PAH is primarily through consumption of well-done meats, but epidemiologic evidence for an association between meat consumption and increased risk for prostate cancer is equivocal (22) . Only one epidemiologic study has examined dietary intake of benzo(a)pyrene, the primary PAH in well-done meats, and prostate cancer risk, but it had null results (23) .
Whereas prior examination of PAH exposures on prostate cancer risk has predominantly relied on self-reported measures, PAH-DNA adducts may serve as a marker of the biologically effective dose of all types of PAH exposure that is less prone to information bias. For prostate cancer patients, predicting who will have recurrent disease after primary treatment has traditionally relied on clinical and pathologic variables such as Gleason grade and tumor stage. More recently, molecular approaches to predicting prostate cancer recurrence using proteomic and expression array technologies have expanded the potential markers of poor disease outcome (24) , but biomarkers currently under investigation lack information about the prostate cell DNA integrity and capacity to metabolize and clear carcinogens. In addition to an individual's PAH exposures, PAH-DNA adduct levels in the prostate reflect metabolic capacity to activate PAH compounds for DNA binding, PAH detoxification capacity, and DNA repair capacity, biological variables that may also be related to cancer prognosis. For instance, the same metabolic enzymes that activate PAH adduct -forming compounds, such as CYP1B1, may also stimulate cancer cell growth and division (25, 26) .
If PAH-DNA adducts in prostate cells are indicative of the overall metabolic activity, DNA repair, and genomic integrity of the prostate, then they may be related to prostate cancer progression. To test this hypothesis, we measured PAH-DNA adduct levels in tumor and adjacent nontumor prostate cells of men that had a radical prostatectomy and then followed these men for prostate-specific antigen (PSA) failure to determine whether adduct levels could predict recurrent disease.
Materials and Methods
Study sample ascertainment and follow-up. Between July 1, 2001, and December 31, 2004, we attempted to enroll 863 men that had a prostate cancer diagnosis within the last 2 years at the Henry Ford Health System in Detroit, Michigan, as part of a prostate cancer-case control study (13) , and 668 agreed to participate (77%). During the course of enrollment, 8 cases were found ineligible and 23 cases did not complete the study protocol, resulting in final study participation percentages of 75% (637 of 855). Of these 637 cases, 419 (66%) underwent radical prostatectomy. Tissue specimens with sufficient areas of tumor and nontumor cells were available for 392 (94%) of these patients such that immunohistochemical studies for PAH-DNA adduct determination could be done. For these 392 patients, whose dates of prostatectomy occurred between September 1, 1999, and December 27, 2004, we then electronically retrieved all PSA tests from the date of surgery forward. A total of 3,413 test results were retrieved, with the men in this sample having a median of eight PSA tests and the number of tests ranging from 0 to 46 tests. We excluded the 2 men who had no PSA tests, 8 men who had only one PSA test following surgery, and 14 men who also had hormone treatment. The remaining 368 men comprised the analytic study sample. All protocols used in this study were reviewed and approved by the Henry Ford Hospital Institutional Review board and all study participants signed an informed consent before participating.
Pathology. H&E-stained slides of study cases were reviewed by the study pathologist (A.T.S.) to confirm the diagnosis and identify a paraffin block with sufficient tumor and nontumor prostatic tissue for staining. For each patient sample, consecutive sections (5-Am-thick) were cut from the tissue block. One slide was H&E stained and examined by the study pathologist who circled two separate areas of tumor and nontumor cell populations to be used for adduct scoring. Tumors were characterized according to lymph node involvement, primary and secondary grade (i.e., Gleason score), lobe involvement, extraprostatic extension, and seminal vesicle involvement.
Immunohistochemistry. The immunohistochemical assay for PAH-DNA adducts was carried out as described previously (27, 28) . This chemical assay uses the monoclonal 5D11 antibody, which in cell culture studies has been shown to produce strongly correlated staining levels (r = 0.99; P = 0.011) with the treatment dose of benzo(a)pyrene diol epoxide (29, 30) . Consistent with our previous study (7) and other prior studies (27, 31) using immunohistochemical assays to measure PAH-DNA adducts, we report our results in absorbance units, which provide a measure of the relative intensity of staining. For each prostate specimen, two technicians independently scored 50 epithelial cells (five fields with 10 cells per field scored) in the two areas (tumor and nontumor) circumscribed by the study pathologist. Scored cells were selected to be representative, in terms of intensity, of the cells in the field and the mean of the two technicians' scores was used. The dual scoring technique has proven to yield a high test-retest reliability in prostate cells (7) . PAH-DNA adduct data were standardized across experiments using a series of two ''control'' slides cut from two separate nonstudy prostate specimens that were run across all batches.
Statistical analyses. A biochemical recurrence (BCR) event was defined as having two consecutive detectable (>0.2 ng/mL) increasing PSA levels 4 weeks or more after surgery (32, 33) . Time to event was the duration between the dates of surgery and the second PSA test that defined the recurrence event or censored at the last postoperative PSA test for men that did not recur. HRs for BCR were estimated with Cox proportional hazards models using PROC PHREG in the Statistical Analysis Software package (34) . Differences in survival curves were tested using the Wilcoxon rank test in PROC LIFETEST. In addition to adduct levels measured in absorbance units, multivariable models included age, race, pack-years of cigarette smoking, tumor stage, Gleason grade, and preoperative PSA level.
Results
PAH-DNA adduct levels in the prostate tumor and nontumor cells of 368 study participants did not vary significantly by age, race, dietary PAH intake, body size, family history of prostate cancer, PSA at surgery, or advanced tumor grade (Table 1) . Tumor stage was significantly inversely associated with PAH-DNA adduct levels in tumor and nontumor cells, and current smokers had a suggestive, albeit nonsignificant, association with higher PAH-DNA adduct levels in both nontumor and tumor cells. A BCR event was experienced by 67 (18.2%) men in the analytic sample that had a median time to recurrence of 14 months with recurrence times ranging between 1.5 and 60 months. Men without a BCR event had follow-up ranging from 2 to 81 months with a median follow-up time of 38 months. For the purposes of analysis and presentation of survival data, all follow-up was censored at 60 months. Men that experienced BCR were more likely to have tumors with advanced Gleason grade, advanced tumor stage, and higher PSA levels at diagnosis (Table 2) . Age, race, and smoking status were not associated with BCR nor were mean PAH-DNA adduct levels in either tumor or nontumor prostate cells. Quantifying smoking exposure by pack-years showed that men that experienced prostate cancer recurrence had a marginally higher exposure level to cigarette smoke compared with those that did not recur (24.3 F 28.2 versus 17.8 F 22.9 pack-years; P = 0.08).
To determine whether PAH-DNA adduct levels were associated with BCR in prostate cancer in a nonlinear fashion, we investigated associations between time to BCR and adduct levels by quartile and median in tumor and nontumor prostate cells. There was no evidence for a trend by quartile in either tumor (P = 0.78) or nontumor (P = 0.26) cells. In tumor cells, the hazard ratio (HR) associated with PAH-DNA adduct levels above the median was slightly elevated, but not statistically significant [HR, 1.18; 95% confidence interval (95% CI), 0.72-1.94; P = 0.51]. In nontumor cells, a larger HR was observed, but it did not reach statistical significance (HR, 1.56; 95% CI, 0.94-2.59; P = 0.08).
The unadjusted BCR distributions stratified according to high and low PAH-DNA adduct levels in tumor (Fig. 1A) and nontumor ( Fig. 1B ) prostate cells were not significantly different (P = 0.88 in tumor cells; P = 0.11 in nontumor cells). Although the survival curves tended to move toward each other as follow-up time increased, at earlier follow-up durations (up to 2 years for tumor cells and 4 years in nontumor cells), higher adduct levels were associated with a higher event rate.
To quantify the association of high PAH-DNA adduct levels and BCR by follow-up time, we recalculated the HRs for follow-up times ranging from 1 to 3 years (Table 3) . In tumor cells, the strongest association with higher PAH-DNA adduct levels was at 1 year of follow-up. In the third and fourth highest quartiles of adduct levels, HRs were both greater than 3. The test for trend for increasing risk across the four quartiles was statistically significant (P = 0.03) and the HR for PAH-DNA adduct levels above the median was 2.41 (95% CI, 1.10-5.29).
In nontumor cells, the strongest association with higher PAH-DNA adduct levels was also observed at 1 year of follow-up.
In the third and fourth highest quartiles of adduct levels, HRs were 3.83 and 3.45, respectively. The test for trend for increasing risk across the four quartiles was statistically significant (P = 0.01) and the HR for PAH-DNA adduct levels above the median was 3.24 (95% CI, 1.41-7.42). The HRs for PAH-DNA adduct levels above the median in nontumor cells were significant for follow-up periods up to 3 years and were consistently higher than comparable HRs for high PAH-DNA adduct levels in tumor cells. We next investigated whether high PAH-DNA adduct levels in tumor and nontumor prostate cells might have stronger associations with BCR in patient subsets defined by known clinical risk factors such as high PSA level at diagnosis, advanced tumor stage, and advanced Gleason grade. We also examined patients dichotomized by race (Caucasian, African American) and age (<60, z60 years) with age categories based largely on the distribution of patients in the study sample, but also driven by several studies that suggest prostate cancer patients younger than 60 years old have worse outcomes (35 -37) . Of these five factors, tumor stage was the strongest modifying factor of the association between high PAH-DNA adduct levels in tumor cells and BCR. In patients with tumor stage III or IV, those with high PAH-DNA adducts had almost a 2-fold greater BCR rate over 5 years (53.5% versus 30.2%; P = 0.07). In nontumor cells, age and PSA level as well as tumor stage had differential associations with BCR ( Fig. 2A-C) . In separate analyses of the higher risk groups for these three factors, the BCR rates for high PAH-DNA adduct levels were significantly different in patients with tumor stage III or IV (55.2% versus 28.6%; P = 0.02), younger than 60 years old (23.8% versus 10.4%; P = 0.02), and with PSA levels above the median (31.6% versus 17.6%; P = 0.03).
To determine how BCR associations with high adduct levels varied with follow-up time within patient subsets, we calculated HRs associated with high PAH-DNA adduct levels in tumor and nontumor cells for patient subsets defined by tumor stage, age at surgery, and PSA level at diagnosis at 2, 3, and 5 years of follow-up (Table 4) . In tumor cells, the HR for high PAH-DNA adduct levels in patients with advanced tumor stage was consistently elevated in the range of 1.86 to 1.93 between 2 and 5 years of follow-up. In nontumor cells, high PAH-DNA adduct levels were associated with the greatest risk for BCR in patients younger than 60 years old after 2 years of follow-up (HR, 4.62; 95% CI, 1.49-14.35). The elevated risk in the younger age group dissipated as follow-up times were extended, but at 5 years of follow-up high PAH-DNA adduct levels still conferred a risk of BCR greater than 2 (HR, 2.21; 95% CI, 0.94-5.26) in the younger patient group.
Patients with PSA levels above the median (z5.1 ng/mL) had significantly increased risk of BCR associated with high adduct levels across all three follow-up intervals, ranging from a HR of 2.41 at 2 years of follow-up to 1.91 at 5 years of follow-up. For patients with advanced tumor stage (III or IV), the risk of BCR was greatest at 2 years of follow-up (HR, 2.53; 95% CI, 1.07-5.99), and remained elevated through 5 years of follow-up.
In the full sample, high DNA adduct levels had similar associations with BCR in African Americans and Caucasians; however, in the stratified clinical subsets in which high DNA adduct levels had the strongest association with BCR, HRs for African Americans tended to be greater. In tumor cells, elevated DNA adduct levels were associated with higher HRs in younger (2.02 versus 1.26) and advanced-stage (2.15 versus 1.50) African Americans compared with Caucasian patients. In nontumor cells, the highest HR associated with elevated DNA adduct levels was observed for younger African-American patients (HR, 3.79; 95% CI, 1.01-14.30), whereas the comparable HR for Caucasians was only 1.72 (95% CI, 0.51-5.69). Because cigarette smoking can be considered an antecedent variable in the putative adduct-prostate carcinogenesis pathway, it was not included in our multivariable analyses of PAH-DNA adduct levels. However, given the marginal association of cigarette smoking with BCR, and the possibility that this association may not be fully explained by adduct formation, we reran all multivariable models including a covariate for pack-years of smoking. The resulting b estimates for PAH-DNA adduct levels were only nominally (<10%) changed in all circumstances.
Discussion
The current paradigm of DNA adduct formation associates adducts with the initiation phase of carcinogenesis in which an activated xenobiotic compound binds and damages a DNA molecule. In reality, DNA adducts may be relevant to all stages of carcinogenesis as biomarkers of underlying risk related to an individual's ability to both metabolize carcinogens and repair damaged DNA. In the present study, we have shown that PAH-DNA adduct levels in prostate at time of diagnosis may be a biomarker of increased risk for early BCR. We also found that PAH-DNA adducts were inversely associated with tumor stage, but not tumor grade, which is in contrast to our previous reports (7, 8) . It should be noted, however, that the eligibility criteria for the present study were different than that of the two previous studies. Further, in the present study, we defined tumor grade and stage in a dichotomous fashion to facilitate survival analyses, which was different than how we defined these variables in our original report (7) .
The association between PAH-DNA adducts and BCR risk was greater for adduct levels in nontumor cells, which may better reflect inherited genetic capabilities of xenobiotic metabolism and DNA repair rather than adduct levels in tumor cells where changes in the genetic background have occurred due to somatic mutations. Consistent with what we have previously reported (7, 8) , adduct levels were higher in nontumor cells compared with tumor cells. Several studies of other tissues that measured PAH-DNA adducts in both tumor and adjacent nontumor cells, including lung (38) , laryngeal (39) , pancreas (40) , and liver (41), have also reported higher Cancer Research.
on October 15, 2017. © 2008 American Association for clincancerres.aacrjournals.org Downloaded from adduct levels in adjacent nontumor cells. To confirm that total DNA adduct burden in the prostate did not afford more information about BCR, we calculated a composite total score of PAH-DNA adducts based on a tumor volume -weighted average of PAH-DNA adducts in both tumor and nontumor cells, but found no associations with BCR (data not shown). Combining separate PAH-DNA adduct level measures in tumor and nontumor prostate cells into a composite score may dilute information in the adduct measure unique to each, particularly if the function of key genes in the adduct formation and repair pathways changes during malignant transformation (42, 43) .
Nuclear accumulation of the p53 protein in prostate tumor cells has been associated with poor disease prognosis (44, 45) . The diol epoxide metabolites of benzo(a)pyrene diol epoxide preferentially bind to the most frequently mutated guanine nucleotides within p53 codons (46) and other forms of PAH also bind to p53 mutational hotspots (47) . Therefore, increased PAH-DNA adduct level in prostate leading to increased p53 mutations may be a possible mechanism by which higher PAH-DNA adduct levels affect increased BCR in the short term. Another explanation for the association between higher PAH-DNA adduct levels and increased short-term BCR may lie in the metabolic environment of the premalignant cell. Cytochrome P450 phase I enzymes CYP1A1 and CYP1B1 activate PAH parent compounds. Allelic variants of CYP1A1 and CYP1B1, which may exhibit different catalytic capabilities toward PAH parent compounds (48) , have been linked to aggressive prostate cancer (26) . Furthermore, CYP1B1 is also overexpressed in prostate tumors due to hypomethylation (49) .
A limitation of our study was that DNA adducts were measured cross-sectionally shortly after disease diagnosis. As such, the adduct level in our analysis was a snapshot of what could potentially be a rapidly changing cellular environment. That may explain in part why after 2 years the association between PAH-DNA adducts and BCR declined precipitously. Although our results are generalizable to prostate cancer patients that undergo prostatectomy as their primary form of treatment, we cannot necessarily infer that elevated PAH-DNA adduct levels affect disease progression the same way in prostate cancer patients that receive other forms of treatment such as hormone or radiation therapy. A missing aspect of the analyses in the present study that would be of interest in terms of prevention is the source of PAH exposure(s) that lead to high adduct levels and biological modifiers that influence adduct formation and prostate cancer risk, such as inherited capacities for high metabolism of PAH (8, 15) or poor DNA repair capacity (50, 51) . Although these risk factors for PAH-DNA adducts have meaning in terms of understanding the underlying reasons for interindividual variation in PAH-DNA adduct levels, because they are antecedent factors in a causal pathway they provide no further understanding of the role of adducts in BCR (52) , which was the central point of this study. This was evidenced by our rerunning of multivariate models including covariates for both PAH-DNA adduct levels and pack-years of cigarette smoking, and our finding that inclusion of the latter did little to change the association of the former with the BCR outcome. Interestingly, we found that the association of higher PAH-DNA adduct level with BCR was restricted to subsets of patients; in particular, those with advanced-stage disease, with PSA levels above the median at diagnosis, and those younger than 60 years old. Further stratified analysis also revealed that within the clinical patient subsets in which elevated DNA adduct levels were associated with BCR, African Americans were at greater risk for BCR. Both PSA and tumor stage are known risk factors for BCR and were strongly associated with BCR in our study population. Elevated PAH-DNA adducts may be a marker of a more advanced disease process involving activated phase I enzymes, which could have a greater effect in a disease progression process that has already exceeded a certain threshold as indicated by high PSA or advanced tumor stage. It is unclear why PAH-DNA adducts were a greater risk factor for BCR in men younger than 60 years old in our study. Neither age nor race was associated with BCR in our study population, but elevated DNA adduct levels had the strongest association with BCR in younger African-American cases. The combination of high adduct levels and younger age has been associated with higher risk of lung (53) and colorectal (54) cancer. Hu et al. (50) found lower nucleotide excision repair capacity was a stronger risk for prostate cancer in men younger than 60 years old and that the nucleotide excision repair capacity level was lower in younger cases, suggesting that deficient nucleotide excision repair capacity could contribute to early onset of prostate cancer. In a similar manner, high PAH-DNA adduct levels may better discriminate between aggressive and nonaggressive prostate cancer phenotypes in younger versus older cases. Few studies have examined racial differences in PAH-DNA adduct levels, but a study of smokers found that African American subjects had higher adduct levels in lymphocytes than Caucasian and Latino subjects after adjustment for gender, education, a-tocopherol and h-carotene levels, and GSTM1 status (55) .
In summary, we found that higher levels of PAH-DNA adducts in prostate were associated with a transient increased risk of BCR in men with prostate cancer treated with surgery. In patient subsets defined by high PSA, advanced tumor stage, and age less than 60 years old at diagnosis, higher adduct levels conferred an increased risk of BCR that diminished less with follow-up time and was greatest in African Americans. Higher adduct levels in nontumor cells compared with tumor cells tended to be more strongly associated BCR, which may be due to the cellular environment in nontumor cells being more reflective of an individual's innate ability to activate carcinogens and repair DNA damage. Our findings are novel and need to be replicated in independent populations. Future studies should also address whether DNA adducts in prostate cells at time of diagnosis are a harbinger of disease progression or simply a by-product of a cellular milieu already programmed for greater malignant potential.
